The graphene/polymer composite sponge was prepared by self-assembly of water-soluble chloroprene on 3D graphene sponge and freeze drying. The composite sponge possesses 3D interconnected skeleton structure. This unique structure not only maintains the physical properties of graphene sponge, but also effectively transfers load from graphene sponge to polymer skeletons under compressive deformations. The composite sponge shows promising applications in pressure-sensing sensors.
INTRODUCTION
Recently, the development of portable and flexible devices generates an urgent demand of lowcost pressure sensors with high sensitivity [1] . For now, pressure sensors typically work by measuring the pressure induced changes in capacitance [2, 3] , triboelectricity [4] , piezoelectricity [5] and resistivity [6] . Among various types of pressure sensors, piezoresistive sensors, which transform the external pressure into resistance signal [7] , turn out to be the most promising one. In particular, conductive porous sponges appear to be the best choice of piezoresistive sensors due to their electronic conductivity and mechanical flexibility.
As a novel carbon-based material formed by a single layer of carbon atoms, graphene has gained great attention for its remarkable physical properties [8] . In particular, the high electrical conductivity makes it a potential material to form conductive porous sponge. To date, several methods were used to prepare three-dimensional (3D) graphene sponge, such as freeze-drying of graphene oxide (GO) [9] [10] [11] and chemical vapour deposition (CVD) process [12, 13] . However, the disadvantage is common, these graphene sponges/foams always exhibit brittle mechanical performance and become irreversible when suffering significant plastic deformation [14, 15] . New opportunities are offered by polymer-based graphene sponges/foams, which not only maintain the excellent electrical conductivity of graphene, but also transfer the mechanical load from graphene network to the polymer architecture [16, 17] .
Letter
In this paper, we propose a novel method to prepare graphene/polymer composite sponge for pressure-sensing applications. The composite sponge possesses 3D interconnected skeleton structure. It exhibits excellent pressure sensitivity and shows potential applications in pressure-sensing sensors. Fig. 1 schematically illustrates the fabrication procedures of the composite sponge. Graphite oxide was dispersed in water and sonicated for 120 min to prepare GO solution (4mg/ml). GO solution was placed in a Teflon-lined autoclave at 180°C for 24h. After the hydrothermal reaction, the spongy graphene was obtained. Then the spongy graphene was immersed into the water-soluble chloroprene solution (LIPREN B) for 6h followed by freeze-drying for 24 h. Solid content of chloroprene solution were set to 29% and 58%. As shown in Table 1 , samples prepared by chloroprene solution with different solid content were weighed and the content of graphene in the samples was calculated.
EXPERIMENTAL
The structures of the samples were observed by the field emission scanning electron microscope (FE-SEM, FEI Quanta 200FEG).
By sandwiching the cylindrical samples with a length of 3.5 cm and a cross-sectional area of 2.25 cm 2 between two copper foils, resistive pressure sensors were prepared to measure the mechanical and electrical properties. The stress-strain relations of pressure sensors were obtained under loading-un-loading test by using DXLL-5000 electronic pulling tester from Shanghai D&G Measure Instrument Co., Ltd. And the resistances of sensors under different pressures were recorded. Pressure sensitivity of the samples was calculated as follows:
Where R 0 and R P are the resistance of the samples without and with pressure, respectively. P is the applied pressure. S is the pressure sensitivity, which can be obtained from the slope of ΔR/R 0 versus pressure curve.
RESULTS AND DISCUSSION
The morphologies of spongy graphene and the composite sponge S1 and S2 are characterized in Fig. 2 . A 3D porous and interconnected structure, which is formed by reduced GO(rGO) sheets, with pore sizes in the range of approximately 1 to 5μm is obtained in the spongy graphene. As shown in Fig. 2 c-f , the porous interconnected structure remains in the composite sponges and the graphene framework is clothed in chloroprene. With higher content of chloroprene, S2 has thicker attachment on the surface of rGO sheets than S1. The large pores be can filled by chloroprene, so S2 shows more uniform pore size than S1. The unique graphene based structure of composite sponges should contribute to the efficient load and electron transfer between rGO sheets and chloroprene under pressure.
The resistance of S1 is lower than that of S2 due to Fig. 3a . Fig. 3b and c show the resistive pressure response of the composite sponges. As mentioned above, the pressure sensitivity (S) of the composite sponge is the slope of the curve. Obviously, the pressure sensitivity of S2 is larger than that of S1. The curve of S2 shows two characteristic stages corresponding to different sensitivities. The region in low-pressure (0-1.5 kPa) exhibits an upward slope Fig. 1 schematically illustrates the fabrication procedures of the composite sponge. Graphite oxide was dispersed in water and sonicated for 120 min to prepare GO solution (4mg/ml). GO solution was placed in a Teflon-lined autoclave at 180°C for 24h. After the hydrothermal reaction, the spongy graphene was obtained. Then the spongy graphene was immersed into the water-soluble chloroprene solution (LIPREN B) for 6h followed by freeze-drying for 24 h. Solid content of chloroprene solution were set to 29% and 58%. As shown in Table 1 , samples prepared by chloroprene solution with different solid content were weighed and the content of graphene in the samples was calculated. By sandwiching the cylindrical samples with a length of 3.5 cm and a cross-sectional area of 2.25 cm 2 between two copper foils, resistive pressure sensors were prepared to measure the mechanical and electrical properties. The stress-strain relations of pressure sensors were obtained under loading-unloading test by using DXLL-5000 electronic pulling tester from Shanghai D&G Measure Instrument Co., Ltd. And the resistances of sensors under different pressures were recorded. Pressure sensitivity of the samples was calculated as follows:
EXPERIMENTAL
Where R 0 and R P are the resistance of the samples without and with pressure, respectively. P is the applied pressure. S is the pressure sensitivity, which can be obtained from the slope of ΔR/R 0 versus Pressure curve. 
RESULTS AND DISCUSSION
The morphologies of spongy graphene and the composite sponge S1 and S2 are characterized in Fig. 2 . A 3D porous and interconnected structure, which is formed by reduced GO(rGO) sheets, with pore sizes in the range of approximately 1 to 5μmis obtained in the spongy with a sensitivity of 0.42 kPa -1 , while in the highpressure (4-10kPa) range, the sensitivity is 0.09 kPa -1 . Upon loading, the load can be effectively transferred between rGO network and chloroprene under deformation. The resistance exponentially decreases when the distance between graphene sheets reduces during the low-pressure loading procedure. While in the high-pressure range, the resistance decreases slowly due to the small change of contact resistance. The composite sponges show an ability to meet different application needs at both low-pressure and high-pressure range. Fig. 3d shows the stress-strain curves of the composite sponge S2 in test with loading-unloading cycle. The strain of unloading curves could almost return to the original point along the loading curve when strain is less than 10%, indicating that the skeletons could completely recover their original sizes without plastic deformation.
Comparing to two different types of conductive porous sponges reported in Refs [18] and [19] , the graphene/polymer composite sponge prepared by our method exhibits higher Pressure sensitivity and comparable mechanical stability, making it a promising candidate for manufacturing pressure-sensing sensors.
CONCLUSIONS
In summary, the graphene/polymer composite sponge was prepared by strategies of self-assembly of water-soluble chloroprene on 3D graphene sponge and freeze drying. The synergistic effect between polymer and graphene interconnected skele- ton endows the composite sponge excellent pressure sensitivity. The composite sponge shows potential applications in pressure-sensing sensors.
